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Abstract 

In  the  present  work,  Nation®  membrane  porosity  changes  were  determined  in  aqueous  ethanol  solutions  with  different  concentrations 
by  weighing  vacuum-dried  and  ethanol  aqueous  solution  equilibrated  membranes  at  room  temperature.  The  ethanol  crossover  rate  through 
Nation®- 115  membrane  at  different  temperatures  and  different  concentrations  had  been  investigated  in  a  fuel  cell  test  apparatus  by  using 
gas  chromatography  analysis.  The  experimental  results  show  that  the  swelling  degree  of  Nation®  membrane  gets  higher  as  ethanol  solution 
concentration  increases.  The  ethanol  crossover  rate  increases  with  ethanol  concentration  and  temperature  increment.  The  single  direct  ethanol 
fuel  cell  (DEFC)  tests  were  carried  out  to  investigate  the  effect  of  ethanol  concentration  on  ethanol  crossover  and  consequently,  on  the  open 
circuit  voltage  and  the  cell  performance  of  DEFC.  It  can  be  found  that  ethanol  crossover  presented  a  negative  effect  on  the  OCY  and  the  cell 
performance  of  DEFC.  It  can  also  be  found  that  an  improved  DEFC  performance  was  obtained  as  temperature  increased  although  the  ethanol 
crossover  rate  increased  with  temperature  increment. 

©  2005  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Direct  ethanol  fuel  cells  (DEFCs)  have  been  paid  more  and 
more  attention  in  recent  years  due  to  the  natural  availability 
of  bioethanol  and  its  low  toxicity  except  for  the  advantages 
of  direct  methanol  fuel  cells  [1-3].  Moreover,  ethanol  com¬ 
bustion  produces  just  the  products  required  by  the  nature  to 
recompose  ethanol  molecules  through  photosynthesis,  and 
therefore  net  CO2  contribution  in  atmosphere  can  be  negligi¬ 
ble  [4-6].  The  DEFC  system  is  still  at  its  early  development 
stage.  The  key  considerations  with  respect  to  the  DEFC  de¬ 
velopment  are  large  overpotentials  at  both  the  anode  and  the 
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cathode  having  a  serious  impact  on  the  voltage  efficiency  of 
the  DEFC  and  ethanol  crossover  that  may  also  have  a  negative 
effect  on  the  cathode  performance  and  the  electrode  struc¬ 
ture.  As  far  as  the  large  overpotenial  for  ethanol  electroox¬ 
idation  is  concerned,  PtSn  catalyst  shows  more  efficiently 
electrocatalytic  activity  [7-10].  Increasing  temperature  can 
improve  DEFC  performance  by  taking  advantage  of  the  pro¬ 
nounced  thermal  activation  of  the  electrochemical  reactions. 
Arico  et  al.  [11]  have  reported  higher  single  DEFC  perfor¬ 
mances  at  130  °C  with  a  silica  modified  Nafion  membrane 
as  the  electrolyte.  However,  increasing  temperature  is  not 
an  optimal  choice  to  improve  the  cell  performance  due  to 
the  intrinsic  limitations  of  the  most  commonly  used  Nafion® 
membranes.  Nafion®  membrane,  a  perfluorinated  ionomer 
membrane  manufactured  by  E.  I.  Du  Pont  de  Nemours  and 
Company  is  the  most  commonly  and  widely  used  polymer 
electrolyte  in  fuel  cells  to  date.  That  is,  because  Nafion® 
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membrane’s  conductivity  is  heavily  dependent  on  the  hydrate 
state  of  the  membrane,  this  limits  the  working  temperature 
is  less  than  100  °C.  On  the  other  hand,  the  investigation  on 
direct  ethanol  electrooxidation  by  the  single  fuel  cell  test  is 
mainly  based  on  Nation®  membrane  electrolyte  [12,13]. 

Based  on  our  previous  work  [14],  in  the  present  investiga¬ 
tion,  membrane  porosity  was  determined  in  the  ethanol  aque¬ 
ous  solutions  with  different  concentrations.  The  effects  of 
temperature  and  aqueous  ethanol  concentrations  on  ethanol 
crossover  rate  through  bare  Nation®- 1 15  membrane  had  been 
investigated  in  a  fuel  cell  test  apparatus  by  a  TCD  gas  chro¬ 
matograph  (Varian  CP  3800)  equipped  with  a  packed  Parapak 
Q  column.  The  single  DEFC  tests  were  carried  out  to  evaluate 
the  effect  of  aqueous  ethanol  concentration  and  temperatures 
on  single  DEFC’s  open  circuit  voltage  and  performance. 


2.  Experimental 

2.7.  Nafion®  membrane  porosity 

Nation®- 115  membranes  were  adequately  cleaned  and 
converted  to  the  protonic  form  by  successively  slightly  boil¬ 
ing  the  membranes  in  3%  H2O2  aqueous  solution,  deion¬ 
ized  water,  0.5  mol  L-1  H2SO4  aqueous  solution  and  then 
deionized  water  again  for  1  h  in  each  step  [15,16].  In  or¬ 
der  to  measure  membrane  porosity,  Nafion® -1 15  membrane 
samples  were  immersed  in  the  ethanol  aqueous  solution  with 
different  concentrations  and  equilibrated  for  36  h.  Then  the 
membranes  were  removed  from  the  ethanol  solution  and  ex¬ 
cess  liquid  was  wiped  from  the  membrane  surface  by  using 
a  filter  paper.  The  weight  of  the  swollen  membranes  was 
determined  by  accurate  balance.  Then  the  membranes  were 
dried  at  60  °C  in  vacuum  for  24  h  and  their  weight  was  also 
measured  again.  Each  sample  porosity  measurement  was  re¬ 


peated  at  least  three  times,  and  the  results  were  within  the 
experimental  error. 

2.2.  Ethanol  crossover  experiments 

Ethanol  crossover  experiments  were  carried  out  in  a  single 
fuel  cell  test  apparatus  shown  in  Fig.  1.  The  above  system 
has  been  previously  described  in  details  [2].  Nation®- 115 
membrane  was  fixed  by  two  polyester  frames  then  clamped 
between  two  bipolar  plates  with  silicone  rubber  gaskets  to 
keep  sealed.  The  effective  area  of  each  membrane  sample 
was  3.4  cm  x  3.4  cm.  Ethanol  aqueous  solution  was  supplied 
through  the  anode  compartment  by  a  peristaltic  pump  at  a 
flow  rate  of  1 .0  mL  min-1 .  High-purity  nitrogen  at  a  pressure 
of  2  atm  was  supplied  at  a  flow  rate  of  290  mL  min- 1  to  sweep 
off  the  permeated  ethanol  through  Nafion®  membrane  and  a 
cold  trap  collected  the  effluent  mixture  for  45  min.  Finally, 
the  amount  of  the  permeated  ethanol  was  determined  by  a 
TCD  gas  chromatograph  (Varian  CP  3800)  equipped  with  a 
packed  Parapak  Q  column. 

2.3.  MEA  preparation  and  single  fuel  cell  tests 

The  detailed  preparation  process  of  membrane  electrode 
assembly  (MEA)  had  been  described  in  the  literature  [2] .  The 
commercial  PtRu/C  (20Pt^l0Ru  wt.%)  and  Pt/C  (20wt.%) 
were  used  as  the  anode  and  cathode  catalysts,  respectively. 
The  respective  metal  loadings  were  2.0  mg  (Pt  +  Ru)  cm-2  for 
the  anode  and  1 .0  mg  Pt  cm-2  for  the  cathode.  The  MEA  was 
obtained  by  hot  pressing  at  about  140  °C  under  a  pressure  of 
100  kg  cm-2  for  90  s  after  spraying  ca.  0.5  mg  cm-2  Nafion 
onto  the  surface  of  both  anode  and  cathode  catalyst  layers. 

Single  DEFC  tests  were  performed  on  the  MEA  with  an 
active  electrode  area  of  3  cm  x  3  cm.  The  MEA  was  sand¬ 
wiched  between  two  stainless  steel  plates  with  dotted  flow 


v  h 


Fig.  1.  Schematic  diagram  of  a  DEFC  test  apparatus:  (1)  ethanol  aqueous  solution  tank,  (2)  pump,  (3)  heater,  (4)  ethanol  aqueous  solution  recovery  tank,  (5) 
heating  rod,  (6)  fuel  cell,  (7)  flow  meter,  (8)  Condenser  and  (9)  external  circuit. 
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Fig.  2.  The  membrane  porosity  at  room  temperature  and  ethanol  crossover 
rate  at  75  °C  vs.  different  ethanol  concentration. 


field  for  reactants  and  products  to  enter  and  exit  the  cell  re¬ 
spectively.  The  insulation  rubber  gaskets  were  used  to  prevent 
the  cell  from  leaking.  The  fuel  cell  was  heated  to  the  desired 
temperature  by  using  an  electrical  heater  placed  in  the  mid¬ 
dle  of  the  stainless  steel  bipolar  plates  and  a  thermocouple  to 
monitor  the  temperature.  Aqueous  ethanol  solution  preheated 
at  the  same  temperature  as  the  fuel  cell  was  pumped  through 
the  anode  compartment  at  a  flow  rate  of  1.0  mL  min-1.  Un¬ 
humidified  oxygen  was  supplied  to  the  cathode  compartment 
from  the  cylinder  at  ambient  temperature  and  a  backpres¬ 
sure  regulator  controlled  the  desired  gas  pressure.  During  the 
operation  of  single  DEFC  test,  the  dilute  ethanol  aqueous  so¬ 
lution  was  supplied  to  an  inlet  located  at  the  bottom  of  the 
anode,  and  oxygen  was  fed  into  an  inlet  located  at  the  top  of 
the  cathode.  The  polarization  curves  of  DEFC  were  obtained 
using  a  Fuel  Cell  Test  System  (Arbin  Instrument  Corp.)  in  a 
galvanodynamic  polarization  mode. 


3.  Results  and  discussion 

The  effect  of  different  ethanol  concentrations  in  aque¬ 
ous  solutions  both  on  Nation®  membrane  porosity  and  on 
ethanol  crossover  rate  is  shown  in  Fig.  2.  In  the  present  work, 
wet  membrane  porosity  (s)  was  determined  at  room  tempera¬ 
ture  by  weighing  vacuum-dried  and  ethanol  aqueous  solution 
equilibrated  membranes  and  was  calculated  by  using  the  fol¬ 
lowing  equation  [17,18]: 

fluid  uptake  volume 

£  =  - 

total  volume 

(IFwet  ~  Vkdry)Pdry  ^ 

( Vkwct  —  ffdry)pdry  +  fkdryPsol 

where  pdry  is  the  dry  membrane  density  (2.075 gem-3,  for 
dry  proton-form  Nation®  membrane),  pso i  is  the  aqueous  so¬ 
lution  density  and  Wwe t  and  W^Yy  are  the  wet  membrane  den¬ 
sity  and  the  dry  membrane  density,  respectively. 


It  can  be  clearly  seen  from  Fig.  2  that  the  swelling  de¬ 
gree  of  Nation®  membrane  gets  higher  with  ethanol  solution 
concentration  increment.  There  exit  microscopic  and  macro¬ 
scopic  or  bulk  swelling  for  Nation®  membranes  in  aqueous 
ethanol  solutions  [19].  The  microscopic  swelling  is  related  to 
the  amount  of  water  adsorbed  by  the  ionic  clusters  while  the 
macroscopic  swelling  is  related  to  ethanol  which  can  pene¬ 
trate  and  plasticize  the  fluorocarbon  matrix,  resulting  in  an 
increase  in  the  number  density  of  clusters  and  producing  an 
enhanced  macroscopic  swelling.  This  phenomenon  can  be  ex¬ 
plained  also  by  considering  electrostatic  interactions  in  the 
polymer.  According  to  Hsu  and  Gierke  [20],  the  Nation® 
membrane  is  described  as  a  series  of  clusters  interconnected 
by  narrow  pores.  In  each  cluster,  the  fixed  membrane  charges 
must  create  an  electrostatic  field  which  extends  inward  the 
center  of  each  sphere.  Within  this  region,  the  size  of  the  ionic 
atmosphere  can  thus  be  described  by  the  Debye  length  de¬ 
fined  as 


sRT 


1/2 


2  F2c 


where  s  is  the  relative  permittivity  of  water,  F  the  Faraday 
constant  and  c  the  ionic  concentration  in  the  cluster.  Ethanol 
is  less  polar  than  water.  Therefore  when  the  aqueous  ethanol 
concentration  is  increased,  c  becomes  smaller,  and  thus  the 
size  of  the  ionic  atmosphere  becomes  larger  and  we  can  as¬ 
sume  that  the  cluster  size  is  increase  as  well.  In  other  words, 
the  membrane  porosity  gets  higher  with  ethanol  concentra¬ 
tion  increment. 

From  Fig.  2,  the  ethanol  crossover  rate  changes  are  also 
plotted  against  ethanol  concentration  at  75  °C.  Obviously,  the 
ethanol  crossover  rate  increases  as  ethanol  concentration  in¬ 
creases.  For  bare  Nation®  membranes,  the  permeation  of  wa¬ 
ter  and  ethanol  through  the  membrane  will  take  place  under 
the  driving  forces  of  concentration  and  pressure  gradients. 
Considering  the  similar  molecular  structure  of  methanol  and 
ethanol,  we  assume  the  methanol  permeation  model  shown 
in  Eq.  (3)  [21]  is  also  suitable  for  ethanol. 


— i—  JLa  P 

^  kD^r 


where  j  is  the  ethanol  permeation.  L  and  D  are  the  thickness 
of  membrane  and  the  effective  diffusivity,  respectively.  K  is 
a  constant  related  to  the  effective  hydraulic  permeability  and 
the  constant  k  is  a  mass  transfer  coefficient  for  the  cathode. 
Ci  is  the  feed  side  ethanol  concentration. 

Thus,  it  is  easily  inferred  from  Eq.  (3)  that,  increasing 
the  feed  side  ethanol  concentration  Ci  will  lead  to  the  big¬ 
ger  ethanol  permeation  with  the  pressure  gradient  kept  con¬ 
stant.  On  the  other  hand,  there  is  a  linear  relation  between 
ethanol  crossover  rate  and  ethanol  concentration.  However, 
the  observed  behavior  of  ethanol  crossover  rate  versus  ethanol 
concentration  in  Fig.  2  is  not  exactly  linear,  which  could  be 
probably  due  to  the  following  reasons:  (1)  A P  could  not  be 
controlled  constant;  (2)  there  is  a  coupling  effect  between 
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Fig.  3.  The  effect  of  the  temperature  on  ethanol  crossover  rate  through 
Nation®  - 1 15  membrane.  Cethanoi  =  1.0  mol  L-  1 ,  flow  rate  of  ethanol  aqueous 
solutions:  1 .0  mL  min- 1 ,  P n0  =  2  atm,  flow  rate  of  nitrogen:  290  mL  min- 1 . 


ethanol  and  water  molecules,  which  influences  the  indepen¬ 
dent  transportation  of  ethanol  and  water  molecules  through 
Nation®  membrane  [22]. 

The  effect  of  temperature  on  ethanol  crossover  rate 
through  Nation®- 115  membrane  is  presented  in  Fig.  3.  It 
can  be  distinguished  from  Fig.  3  that  ethanol  crossover  rate 
increases  as  the  temperature  increases.  The  increased  ethanol 
crossover  rate  with  temperature  increment  may  be  attributed 
to  the  fact  that  at  higher  temperature  the  polymer  backbone 
expands  due  to  softening  of  the  fluorinated  chain  [23],  lead¬ 
ing  to  increased  permeation  of  ethanol  as  well  as  to  a  higher 
a  water  transport  rate.  On  the  other  hand,  the  enhanced  tem¬ 
perature  also  accelerates  ethanol  molecules  thermodynamic 
motion,  which  facilitates  to  transport  ethanol  molecules 
through  Nation®  membrane  and  consequently  leading  to  a 
higher  ethanol  crossover  rate.  The  ethanol  crossover  through 
Nation®  membranes  will  restrict  the  ethanol  aqueous  solu¬ 
tions  feed  concentration.  Furthermore,  increasing  tempera¬ 
ture  can  accelerate  the  ethanol  oxidation  kinetics  and  result 
in  an  improved  single  DEFC  performance,  at  the  same  time, 
increasing  temperature  can  also  lead  to  a  higher  ethanol  per¬ 
meation  rate,  having  a  negative  effect  on  the  single  DEFC 
performance,  which  will  counteract  the  positive  effect  of  tem¬ 
perature  on  the  direct  ethanol  fuel  cell  performance  to  some 
extent. 

According  to  Nernst  Eq.  (4),  it  can  be  theoretically  ob¬ 
tained  that  at  the  given 


Ucett  —  UQQ  n  + 


0  ,  RT  i  j  /  aC2H5OH,a«H2o,a 


12  F 


In 


a 


H20,c 


X 


(where  a  and  c  denote  anode  and  cathode,  respectively)  op¬ 
erating  conditions,  the  open  circuit  voltage  (OCV)  of  single 
DEFC  will  be  increased  as  the  ethanol  solution  feed  concen¬ 


Fig.  4.  Effect  of  the  concentrations  of  ethanol  aqueous  solutions  on  the  open 
circuit  voltage  of  DEFC:  7ceii  =  75°C;  anode:  PtRu/C  (20Pt~10Ru  wt.%, 
Johnson  Matthey  Corp.),  2.0  mg  (Pt  +  Ru)  cm-2 ,  Cethanoi  =  1-0  mol  L- 1 ;  flow 
rate:  1 .0  mL  min- 1 ;  cathode:  Pt/C  (20  wt.%,  Johnson  Matthey  Corp.);  1 .0  mg 
Ptcm-2,  Poo  =  2  atm;  electrolyte:  Nafion®-115  membrane. 

tration  at  the  anode  increases.  Nevertheless,  it  can  be  clearly 
seen  from  Fig.  4  that  the  OCV  of  single  DEFC  decreases  with 
ethanol  aqueous  solution  concentration  increment;  moreover, 
these  corresponding  values  are  far  away  from  the  theoretical 
value  1.145  V  [24].  This  great  difference  between  the  exper¬ 
imental  and  theoretical  values  may  be  mainly  attributed  to 
the  lower  anode  catalytic  activity  and  the  ethanol  crossover. 
In  the  present  work,  the  anode  catalytic  activity  effect  is  just 
considered  identical  because  of  the  use  of  the  same  MEA 
to  investigate  the  effect  of  ethanol  solution  concentration  on 
DEFC’s  OCVs.  Then  considering  from  another  point  of  view, 
the  overall  cell  voltage  for  a  DEFC  can  be  written  as 

^cell  —  -^cell  ~  Osl  ~  0c  ~  TJohmic  —  ?7xover  (5) 

where  £ceii  is  the  difference  between  the  half-cell  potentials 
of  the  anode  and  the  cathode.  ?ya  and  r/b  are  the  anode  and 
the  cathode  overpotentials,  respectively,  Tjohmic  is  the  over¬ 
potential  due  to  the  ohmic  drop  in  the  system  and  %over  the 
overpotential  due  to  the  ethanol  crossover  through  the  mem¬ 
brane.  Eq.  (5)  does  not  take  into  account  the  mass  transport 
limitation  at  the  electrocatalyst  surfaces,  which  would  pro¬ 
duce  an  additional  mass  transport  overpotential  due  to  lim¬ 
itations  in  the  diffusion  rate  through  the  porous  electrode 
structures. When  there  is  no  current  through  the  cell  circuit, 
the  overpotential  due  to  the  ohmic  drop  and  the  anode  and 
cathode  overpotentials  do  not  exist,  and  Eq.  (5)  is  reduced  to 
the  OCV.  One  can  conclude  that  the  open  circuit  voltage  of 
the  cell  has  a 

(VCell)/=0  =  OCV  =  ECq\\  ?7xover  (6) 

direct  relationship  to  the  ethanol  crossover  rate.  When  the 
ethanol  aqueous  solution  concentration  supplied  to  the  anode 
is  increased,  the  ethanol  crossover  through  Nafon®  mem¬ 
brane  will  be  increased,  just  as  observed  in  Fig.  2.  Conse¬ 
quently,  this  could  result  in  a  more  negative  effect  on  the  open 
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circuit  voltage  of  the  direct  ethanol  fuel  cell,  with  a  decrease 
in  DEFC’s  OCV  from  0.62  to  0.497  V  when  the  ethanol  solu¬ 
tion  concentration  increases  from  0.5  to  4.0  mol  L-1,  which 
one  can  distinguish  from  Fig.  4.  Considering  only  from  the 
point  of  the  open  circuit  voltage  of  the  cell,  it  appears  that  the 
lower  the  ethanol  aqueous  solution  concentration  is  the  more 
desirable  the  situation  becomes.  Nevertheless,  from  the  prac¬ 
tical  considerations,  one  should  take  into  account  the  com¬ 
prehensive  factors  affecting  the  single  direct  ethanol  fuel  cell 
performance,  such  as  concentration  polarization.  On  the  other 
hand,  according  to  the  energy  conservation  law,  only  when 
there  is  enough  energy  input,  is  there  enough  energy  output. 
As  an  integrated  result  of  these  considerations,  there  is  an  op¬ 
timum  ethanol  aqueous  solution  feed  concentration,  which  is 
shown  in  Fig.  5.  As  one  can  distinguish  from  Fig.  5,  the  con¬ 
centration  of  ethanol  significantly  affects  the  DEFC  perfor¬ 
mance.  By  comparing  the  peak  power  densities  with  different 
ethanol  concentration  solution  supplied  to  the  anode  shown 
in  Fig.  5(b),  it  can  be  distinguished  that  there  is  a  volcano- 
type  behavior  presenting  a  maximum  19.4  mW  cm-2  when 


(b)  Current  Density  (  mA/cm2) 


Fig.  5.  Effect  of  the  concentration  of  ethanol  aqueous  solutions  on  the  sin¬ 
gle  DEFC  performance:  T'cen  =  75°C;  anode:  PtRu/C  (20Pt~10Ru  wt.%, 
Johnson Matthey  Corp.),  2.0 mg  (Pt  +  Ru)  cm-2,  Cethanoi  =  1-0 mol L-1 ;  flow 
rate:  1 .0  mL  min- 1 ;  cathode:  Pt/C  (20  wt.%,  Johnson  Matthey  Corp.),  1 .0  mg 
Ptcm-2,  Pqo  =  2 atm;  electrolyte:  Nation®-!  15  membrane. 


ethanol  concentration  is  1 .0  mol  F- 1 .  It  is  worth  noticing  that 
in  Fig.  5(a)  that  there  is  a  more  rapid  voltage  drop  during  the 
ohmic  polarization  region.  This  may  be  caused  by  the  bro¬ 
ken  electrode  structure  due  to  the  delamination  of  catalyst 
layer  from  the  electrolyte  membrane  resulting  from  a  higher 
Nation®  membrane  swelling  degree  in  ethanol  solution  of 
higher  concentrations  which  is  mentioned  above  in  Fig.  2. 
The  cell  internal  resistance  will  get  higher  when  the  elec¬ 
trode  delamination  occurs  which  will  lead  to  the  rapid  volt¬ 
age  drop  in  the  ohmic  polarization  region.  It  can  also  be  seen 
from  Fig.  5(a)  that  when  the  ethanol  solution  is  0.5  mol  F_1 , 
there  is  the  mass  transportation  limitation  at  higher  current 
density.  So  in  order  to  maximize  the  direct  ethanol  fuel  cell 
performance,  it  is  very  important  to  optimize  and  regulate  the 
ethanol  feed  concentration  with  respect  to  current  density. 

The  effect  of  the  cell  temperature  on  the  single  DEFC  per¬ 
formance  is  presented  in  Fig.  6  (a)  and  (b).  It  can  be  clearly 
seen  from  Fig.  6  that  the  cell  performance  was  improved 
with  the  cell  temperature  increment.  The  enhanced  cell  per¬ 
formance  could  be  attributed  to  the  accelerated  electrode  re¬ 
action  kinetics  of  both  ethanol  electro-oxidation  at  the  anode 
and  oxygen  electro-reduction  at  the  cathode  resulting  from 


Fig.  6.  Effect  of  temperature  on  the  single  DEFC  performance:  anode: 
PtRu/C  (20Pt~  lORu  wt.%,  Johnson  Matthey  Corp.),  2.0  mg  (Pt  +  Ru)  cm-2, 
Cethanoi  =  1-0 mol L-1;  flow  rate:  l.OmLmin-1;  cathode:  Pt/C  (20 wt.%, 
Johnson  Matthey  Corp.),  1.0 mg  Ptcm-2,  Poo=2atm;  electrolyte: 
Nation®-!  15  membrane. 
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the  more  facile  transportation  of  electrons  and  protons  be¬ 
cause  of  the  increased  temperature.  On  the  other  hand,  when 
the  cell  temperature  is  increased,  the  ethanol  crossover  rate 
will  accordingly  be  increased  which  can  also  be  observed 
in  Fig.  3.  Consequently,  the  incremental  ethanol  crossover 
rate  could  lead  to  a  more  negative  effect  on  the  open  circuit 
voltage  and  the  DEFC  performance.  This  will  counteract  the 
positive  effect  of  the  increased  temperature  on  the  cell  per¬ 
formance  to  some  extent.  Ethanol  crossover  will  limit  the 
feed  concentration  and  the  cell  temperature.  So,  it  is  neces¬ 
sary  and  important  to  eliminate,  or  reduce  to  some  degree, 
the  ethanol  crossover  through  the  electrolyte  membrane  from 
the  anode  to  the  cathode.  The  ultimate  solution  to  this  prob¬ 
lem  is  to  research  and  develop  a  novel  electrolyte  membrane 
with  higher  proton  conductivity  and  no  or  much  lower  ethanol 
permeability.  Furthermore,  it  is  desirable  that  this  novel  elec¬ 
trolyte  membrane  can  also  sustain  higher  temperatures  since 
the  ethanol  electro-oxidation  kinetics  is  sluggish  at  lower 
temperatures  and  this  is  one  of  the  main  factors  resulting 
in  the  lower  DEFC  performance. 

4.  Conclusion 

Nafion®  membrane  presents  a  higher  swelling  degree 
in  ethanol  aqueous  solutions  with  a  higher  concentration. 
Ethanol  crossover  through  Nafion®  membrane  increases  with 
ethanol  aqueous  solution  concentration  and  temperature  in¬ 
crement.  At  a  given  working  temperature,  ethanol  solution 
feed  concentration  has  an  obvious  effect  on  the  open  circuit 
voltage  and  the  performance  of  the  single  direct  ethanol  fuel 
cell.  The  increased  cell  temperature  can  significantly  improve 
the  single  DEFC  performance  even  if  the  incremental  ethanol 
crossover  with  temperature  increment  counteracts  the  posi¬ 
tive  effect  of  the  temperature  on  the  DEFC’s  performance  to 
some  extent. 
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